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such as 4 (which yields the relative contribution of the M = Q excitation to the differential
cross section) and y (which is the phase difference between the M = O and + 1 scattering
amplitudes) are also well described as functions of E and 0, particularly at the smaller
scattering angles.
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SECTION v
THE EXCITATION AND TONIZATION OF He(2'’3s) BY ELECTRON IMPACT
Here, integral and differential cross sections for the collisional
processes

e + He(21s) + e + me(als,2'p,3's, 3P, 3!D) (5.1)

and

e + He(2%5) » e + me(2%p,3%,3%,3%) (5.2)

are obtained as a function of impact-energy E, by application of the
multichannel eikonal treatment. Also, the angular-correlation parameters
A and x, which respectively provide the relative population and relative
phase of the collisionally excited P magnetic substates, and the circular
polarization fraction Il of radiation emitted from these P states are

determined as functions of scattering angle 6 and E.

Also in this section cross sections for the 23S->n31. (n=4,5; L=S-F)

excitations and for the single ionization process,

e + 8e(21’3s) + e + He+(ls) +e (5'.3)

are calculated by the Born approximation.

A full description of all of the above work, which has been published

in:
(1) Phys. Rev. A 12 (1975) 846~855
(2) J. Phys. B: Atom. Molec. Phys. 10 (1977) 621-635

now follows.

67

A

T Y O R PP TE ty PT e T 200 ViR



i

5.1 Ten-Channel Eikonal Treatment of Electron-Metastable-Helium
1,31,

Collisions: Differential and Integral Cross Sections for 2
and n= 3 Excitations from He(21’3s) and the (A ,x@ Parameters

Ten-channel eikonal treatment of electron—-metastable-helium collisions: Differential and
integral cross sections for 2P and n = 3 excitations from He (2'°S) and the (A, x, IT)

parameters*

M. R. Flannery and K. J. McCann
School of Physics, Georgia Institute of Technology, Atlanta, Georgia 30332
(Received 23 April 1975)

We present a ten-channel cikonal treatment of the 2'P, 3'°S, 3'“P, and 3'’D excitations of atomic helium,
initially in the 2'>S metastable states, by incident electrons with energy E (eV) in the range 5 < E < 100.
Integral and differential inelastic cross sections are obtained. Also, the angular-correlation parameters A and X,
which respectively provide the relative population and relative phase of the collisionally excited ‘P magnetic
substates, and the circular polarization fraction Il of radiation emitted from these P states, are determined as
functions of scattering angle 6 and E. No measurements exist to date. The principle of detailed balance is

i e o i - T Lo b et o

explicitly demonstrated for the 2'S-1'S superelastic collision.

1. INTRODUCTION

In constrast to collisions involving ground-state
atoms, relatively little is known with any great
certainty about excitation processes involving
atoms initially in a prepared excited state. Such
knowledge is very important to the detailed analy-
sis of gaseous discharges, astrophysical plasmas,
and formation of excimers® (excited metastable
molecules, often rare gases).

In this paper, the multichannel eikonal mode},*
which provided a satisfactory account of integral
and differential cross sections in e-H(1s) and e-
He(1s?) inelastic collisions,>* is applied to the
excitation processes

e +He(21:35) - ¢ + He(2!:°P, 3!+%S, 31+P, 3!D),
1)

Frozen-core Hartree-Fock wave functions® for
helium are used throughout, and the n=1, 2, and
3 channels of each singlet and triplet series will
be closely coupled. In addition to the evaluation
of integral and differential cross sections for
(1), the angular-correlation parameters A and y,
which are more basic to the collision process,
and which provide valuable information on the cir-
cular polarization of the emitted radiation from
the n+3P gtates, will also be studied as a function
of impact energy E and scattering angle 6 (in the
c.m. frame).

Contrary to that experienced for transitions from
ground atomic states, both the Born and the Vain-
shtein, Presnyakov, and Sobel’man (VPS) approxi-
mations predict® that collisional excitations from
the 2 %S metastable-helium state to the 3'+*D and
313§ (optically forbidden) levels are more prob-
able than excitations to the (optically allowed)
313p and 41°P levels except at incident energies
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above 100 eV. Hence, couplings between all the
states in the 7 =2 and 3 channels are extremely
important and require inclusion for a proper treat-
ment of Eq. (1).

Il. THEORY

A. Basic approximation
In an effort to clarify more fully the basis of

the present approach, an alternative derivation of
the multichannel eikonal treatment is instructive.
The wave function for the scattering of two (struc-
tured) atoms A and B in general, by their mutual
interaction V(F, R) at nuclear separation R(X, Y, 2),
is

1': , i)= ¥ Gk‘t"‘
P f f aF' dR'G}(F,R; 7, R)
xV(F', RN (F, R), (2

where the two-particle Green’s function G;, appro-
priate to 3G, the Hamiltonian of the unperturbed
system of energy E, at infinite R, satisfies

(B, -%, +i€)G(F, ’; ¥/, R)=8(F-F PR -R"), 3)
in which the composite internal coordinates are
denoted by T relative to each parent nucleus. The
free-particle Green’s function, which propagates
the effect of the interaction V at (¥, R’) to (¥, R),
can be expanded, in terms of the complete set of
eigenfunctions of ¥, as

—

Gy(F,R; ¥, R")

1 2 s sy elt'(‘—")&
“Jim, g 4 @ ) [ i
(4a)




with , (F) describing the internal structure at
infinite nuclear separation R, where the relative
motionis planar with propagation vector K(k,,&,,4,).
For heavy-particle collisions, and for elec-
tron-atom inelastic collisions at intermediate and
high impact energy, scattering about the forward

")

AR A WP S B 4 R T A9

direction contributes most to the total cross sec-
tion,>™ and it is therefore a good appraximation to
assume that the major contributions to the propa-
gator (4a) arise only from those waves at Z’<Z
with #~ &2 such that

Go(F, B, R)= lim, (z. b j: etetx-x1an, [ :a'w-"!a,so.(r)v:(?')( f_ """“"a,)a(z-z'),

where H(Z - Z’) is the Heaviside step function
(unity for Z'<Z and zero otherwise). Hence, by
contour integration, and with introduction of the
impact parameter p(X, ¥),

TR AR PN el
XH(Z -2Z'W (FWe(F').

(4c)

The reduction of (4a) to (4c) can also be obtained
by the method of stationary phase (cf. Schiff® and
Gerjuoy and Thomas’). The multichamnel eikonal
approximation follows by setting

3

ik (5-2"
¥ e GG [ e

L

The projection of (8) onto the orthonormal set y,(¥) is

- [ 5 S 4.2 Wp 216t 0e ®

(A, e'5n -8 ¢! St)e=Vxn?

which on differentiation yields

D (A (8, - ka2)
2z A :

2 -&S' AL(B, 2)V,  (R)eH 5P -xaB)  (10)

Ignoring the second term on the left-hand side
of (7) and assuming a straight-line trajectory
along the Z axis, i.e., |VS,|=3S,/0Z=«,, and
ok, /8Z=0 [equivalent to the neglect of VS, in (1)},
Eq (10) becomes

’
2§ Ap 2V R, 1)
bz O

a set of first-order coupled differential equations
to be solved for A,. Thus, for a finite number of
statean=1,2, ..., N, the direct transition matrix
element T, or its agsociated scattering amplitude
fis can be evaluated from
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.;. - E +3€
(4p)
¥ (7, i)-sA_(ﬁ, ZW (FetsuD )

where the eikonal S, for the relative motion in
excitation channel m under the static interaction

Ve R) =4, (PN V(F, R)y (7)) (8
with n=m, satisfies ‘
(VSLF - if(VS,) = ks - @u MYV, =ii() (1)

exactly. The Green’s function corresponding to
(5) is (4c), with k, replaced by the local wave num-
ber x,, and hence, (2) with (5) reduces to

V(FR(F-BMH(Z-2" S A(B", 2V, @ Mapraz (®)

r

Ty =G (Pt AWE, ﬁlSA.w.(F)e“-‘ b)-3
= -hgp'u&t. k) (12a)

’Swr TV, B4, (B, Z)e D)2
(12b)

the basis of the multichannel eikonal treatment.?
The transition matrix for _rearrangement collisions
between the projectile at Randa hrat electron at
T, is obtained from (12a) by the R — ¥, interchange
in the wave function for the final state f.

The above derivation therefore shows that the
multichannel eikonal treatment is based on the
following three assumptions: (a) the Green's func-
tion (4c), (b) |VS,l=«,, and (c) a straight-line
trajectory used to find the eikonal S,, all included
within a restricted basis set of N target states.
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B. Basic formulas

For a nondegenerate initial state i, the experi-
mental differential cross section for i~ f excita-
tion is, as a function of scattering angle 6,

do k

summed over all degenerate magnetic sublevels
M of the final level f of the target with angular
momentum L, thereby suppressing all knowledge
of the populations and phases of each substate.
However, two quantities capable of measurement®
and calculation as functions of 6 and impact energy
E, can be defined for excitation of the n!'?P levels,
by

A=lAPRASP 1P+ 275 1) (14)

and
X=a,-a,, (15)
where a, is the phase of the scattering amplitude
£ =15 et (18,

and where the axis of quantization of the target is
taken along the incident Z direction defined by
The parameter A is the relative contribution aris-
ing from the M =0 sublevel to (13), while x is a
measure of the coherence between the excitations
of the M =0 and 1 sublevels, i.e., the phase dif-
ference between the corresponding oscillating and
rotating dipoles, respectively. A related quantity
is therefore the circular-polarization fraction of
the radiation emitted from the n'**P levels ina
direction perpendicular to the (assumed) XZ plane
of the scattering,

(a2
Sklo, )<

solved subject to the asymptotic boundary condition
C,(P, -‘)‘6‘,.

Ill. RESULTS AND DISCUSSION

In order to express the interaction matrix ele-
ments (6) as analytical functions of R, it proves
convenient to transform the frozen-core Hartree-
Fock wave functions of Cohen and McEachran.®
Thus, the spatial wave functions for the n=1-3
states of helium are

‘la.ll-(?l' Fi) ’Nﬂ[¢o(?1)¢--(F|)* ¢o( f'g)¢u-( fl)] ’
(23)
in which the + signs refer to the symmetric (sin-
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Mm=-2[ar(1 -A)}/2sinx=(aL,), (17)

where (AL,) is the expectation value of the angular
momentum transferred in the Y direction during
the collision.?

The basic formula (12) for the scattering ampli-
tude can be further reduced for two-particle inter-
actions for which V,,(R)= V,(p, 2)e'*®, to yield

116, 9)=-8" " IAK p)

x[1,(p, 8)~i L(p, 0)]pdp,
: (18)
where J, are Bessel functions of integral order,

(M, - M) the change in magnetic quantum number, .

and where K’ is the XY component k,sinf of the
momentum change K=k, -& . The collision func-
tions

L(p,6; a)= f x,(p.z)("—cl—‘f’-'——)e'ﬂ'dz 9)

and .
L, 8 )= [ [0k, ~k)+ (/i)Y ]

xCy(p, 2)e'**dz (20)
contain a dependence on the scattering angle 6 via
a =k,(1 —cos 6) =2k, sin?(6/2), (21)

the difference between the Z component of the
momentum change K and the minimum change
k; — k; in the collision. The coupling (phase -
independent) amplitudes C, are solutions of the

following set of N coupled differential equations

N
2, (.“:-x,(x, ~ 1)+ Vb, 20)C/p. 2) =3 Culb, Z)Vyulp, Zexpihy= k)2, f=1,2,..., N,

(22)

—

glet) and antisymmetric (triplet) cases, respec-
tively. The frozen, inner ls orbital is (ina.u.)

@ o(F)=2/2¢Y (1), (24)

and the orbital for the second electron in state
(nlm) is rewritten (in a.u.) as

Vunl®= 3 B vy, (), B-2/m,

N=1%)
‘ (25)
where J is the maximum number of linear coef-

ficients B} given in terms of Cohen and McEach-
ran's original parameters a}' by®

jd
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B“" (_l’l-lzl(j l’(zml-l-l.

= %, -1-DIG -N- DI 4

N=1,2,...,J. (26)

The above transformation (26) facilitates sub-
sequent evaluation of the e-He interaction matrix
elements
Vi R)=(¢,(F,, Fy)l- 5 + = +=—=—19,(F,, 7))

i @u(F, 7))l RYR-7) |R-l'.|l¢’( 1 T2

(27)

as analytical functions of R, for all combinations
of i and j appropriate to a ten-state treatment. In
addition to the n=2 and n=3 channels, the super-
elastic 1'S channel was included for singlet-sin-
glet transitions. The above frozen-core approxi-
mation for He implies that correlation effects be-
tween the inner and outer atomic electrons have
been explicitly neglected [although some implicit
account is assumed by virtue of (25)], and is
therefore effectively exact for highly excited
Rydberg states. Metastable helium is unique in
that its excitation energy, 19.8 eV above the
ground state, is the largest of all the singly ex-
cited atoms, its outer electron is relatively weakly
bound (~4.8 eV), and the mean interelectronic
separation in the 2'S state is ~5.3a, Therefore,
the main response of target helium to the projectile
electron is expected to arise from the outer elec-
tron such that the use of a frozen-core orbital for
the inner electron within a close-coupling scat-
tering wave function (5) is expected to be quite
accurate. This is further supported by the fact
that the dominant contributions to the integral in-
elastic cross sections for singly excited transi-
tions arise from small scattering angles 8 <20°
(cf. Fig. 5) which result from distant encounters.
At the lowest impact energy (5 eV), however, the
angular distribution tends to become more iso-
tropic such that close encounters are gaining in
relative importance. This situation is difficult to
assess without resort not only to correlated atomic
wave functions, but also to a more elaborate scat-
tering formalism involving some mechanism which
permits response of the inner electron to the pro-
jectile. I correlation effects with the inner elec-
tron are to be included in the atomic function, then
similar refinements involving its interaction with
the projectile must also be included in a more
elaborate scattering formalism, not based onan
atomic close-coupling expansion valid only for
weak perturbations, but on some perturbed three-
body expansion. It is worth noting that the atomic
wave functions adopted in this paper are the most
accurate ones used to date in any scattering de-
scription more refined than Born’s approximation.
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In Figs. 1-3 are displayed the integral cross
sections for the processes

e +He(2'3)~¢ +He(2'*P, 33,3 %P, 313D)
(28)

at incident-electron energies E (eV) in the range

5 < E <100, together with comparison Born values
determined from the highly accurate form factors
of Kim and Inokuti,!® It is worth noting that the
coupled-state calculations were much more time
consuming (~5 h U1108) than a corresponding
treatment of excitation from the ground state®*
which involved ~1 h U1108. This additional time
resulted from the closeness of the initial 2'S with
neighboring 2'P channels which, because of their
long-range static and coupled interactions, neces-
sitated the inclusion of large impact parameters

p ~100 a.u. in order to achieve convergence for
both the solutions of the coupled equations (22) and
for the integration (18) involving the Bessel func-
tions which oscillated rapidly at these large p.

In general, transitions between singlet states of
given configurations are much more probable than
the corresponding triplet-triplet transitions. Figs.
1-3 show that the multichannel treatment pre-
serves the Born predictions of the relative im-
portance of transitions to the 2'°P, 33D, 313,
and 3 '°P states, written in order of decreasing
probability, except at E=2 25 eV and 2 70 eV when
excitations of the 3'P and 3°P states, respectively,

w0 b

olrad)

0! 10° 0 o' 10
] Elev)

FIG. 1. Cross sections (raj) for the 21+35-21+3P tran-
sitions induced in helium by electron impact at energy
E (eV). E: Present multichannel eikonal treatment. B:
Born approximation (Refs. 1, 10). C: Burke ef al. (Ref.
11),
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FIG. 2. Cross sections (ra}) for the 215-31s, 3P,
3D transitions induced in helium by electron impact at
energy E (eV). E: Present treatment. B: Born approxi-
mation (Refs. 1, 10).

become greater than the 3':S excitations. The
results of Burke ef al.,"* who used simple analytic
wave functions, closely coupled the n=1 and n=2
states for total (system) angular momentum L=0
and L=1, and used a Born approximation for
higher L, are also displayed in Fig. 1 for com-
parison. A remarkable feature is that the Born
limit is approached by the eikonal treatment at
fairly low E, especially for the singlet transitions.
Validity of Born’s approximation has, as yet, not
been fully explored for collisions involving excited
atoms, although here the criterion E>>¢,~¢;, the
excitation energy, is satisfied for £ much lower
than that normally required for excitation from
the ground state. The undulations in the 2!+35S-
3'°P cross sections in Figs. 2 and 3 are direct
consequences of a zero in the corresponding form
factors at nonzero momentum change K. In gen-
eral, at low E, the stronger (optically forbidden)
transitions are less affected by couplings than the
weaker 2!+35-31+°P transitions which, however,
converge more rapidly onto the Born limit at
higher E.

The present ten-channel cross sections o, for
excitation of magnetic sublevel M of (28) are dis-
played in Table I. Note that the cross sections
o(nlm) for excitation of the n**P (m =x1) and 3'*D
(m =+2) substates dominate the cross sections
a(nl) for excitation of the respective levels (nl)
at high impact energies. This behavior is consis-
tent with the high-energy limit to Born’s approxi-
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FIG. 3. Cross sections (ra}) for the 235-33S, 3°P,
3°D transitions induced in helium by electron impact at
energy E (eV). E: Present treatment. B: Born approxi-
mation (Refs, 1, 10).

mation, which predicts that the ratio o(nim)/o(nl)
is 2|P7(0)|3/(21 + 1), where the associated Legendre
functions P7(0) are zero for odd (! —m), and are
largest when |m| =1. Alternatively, when impulsive
conditions prevail, the change AL, in the angular
momentum perpendicular to the XZ scattering
plane is directly proportional to the linear momen-
tum change K=~ 2k, sin}0, which is perpendicular to
the incident direction and which vanishes for high-
energy scattering in the forward direction, there-
by permitting angular momentum changes only in
the Z direction to occur. Cross sections for the
2'S-11S superelastic collision are also provided
such that the detailed balance relation

kfo‘,(k‘) i k}’ﬂ(k[),

(29)
K =kp+ Qu/n*)e,-€)

between the forward and reverse rates for the
process can be tested, thereby permitting assess-
ment of the overall accuracy of the calculations.
Thus, the crosses in Fig. 4 refer to the present
2!S-11S results for the left-hand side of (29),
with E=> 5 eV, while the dots, representing the
right-hand side of (29), are taken from a previous
ten-channel treatment! of the 2'S excitation from
the ground state for E< 40 eV. The maximum
deviation corresponds to an error of 2.5% inoc.
The plane-polarization fractions'?




TABLE I. Integral cross sections (m}) for the 2'S-n 'L and 23S-» ’L transitions (S md T, respectively) in helium

by collision with incident electrons of energy E (eV).

T S T s T s T s T
E (eV)
nL (m) 5 10 20 50 100
2P (0) 5.71'4  3.07 4.01! 2.38! 1.02! 1.29! 9.947  2.26 2.5871  1.64
2P (1) 1.23% 4.63! 1.222 5.53! 9.51! 4.70! 5.63! 2.81! 3.16! 1.67!
2P(2) 1.80? 7.70 1.622 7.01} 1.05% 5.99! 5.73! 3.04! 3.19! 1.83!
3s 5.92 1.95 3.99 1.72 2.52 1.20 1.19 6.187! 6.297! 3.217!
3P (0) 1.08 6.427' 840! 3787 9.297" 238! 457! 260! 1.8 2.007!
3P (+1) 3.727' 9.48% 7367 3247 110 3.40"' 1.36 2.6871 1,02 1.807!
3P (2) 1.45 7317t 158 7.027  2.03 5.787!  1.82 5.28"'  1.20 3.8071
3D ) 2.73 1.34 3.03 1.72 1.49 8.3¢"! 469! 2817' 23471 217!
3D (1) 6.56 1.89 7.16 3.20 3.58 1.81 896! 6.357' 2.297! 2517
3D (22) 1.78 3.877! 3.89 1.40 3.52 1.45 1.92 - 8.55 1.02 5.4171
3D () 1.11! 3.62 1.41! 6.32 8.59 409  3.28 1.77 1.48 1.01
1's 1.477 cee 8.6372 iy 5.0672 2,917 ces 1.7271

3 Exponents indicate the power of 10 by which the entry is to be muiltiplied.

Pw'P-n's)=20=%
0°+0’l

(30a)
15(,-0,)

3 o
P(n’P-2S) = 410, +670,

and
3(o,+0, -20,)
1ip_9ip)-2p*™T =472
PO D-3'P) 50,+90, +60,
(30b)
213(0,+0, —20,)
10, + 12710, +10580,

for the dipole radiation emitted from the excited
states are presented in Table II. The effect of the
couplings on the magnetic substates is strongly
evident, particularly for the P-S transitions, when
little correspondence is exhibited betweencolumns
2 and 4 and between 3 and 5.

P(3°D-n°P)= 61

A. Differential cross sections

In Fig. 5 are displayed the differential cross
sections for the singlet-singlet transitions, as a
function of scattering angle 6 and impact energy
E (eV). The structure present in the 3'P excita-
tion but absent in the 2 'P excitation is a direct
consequence of the very important, strong
3!'D(m=0,+1,+2)-3 'P close couplings which affect
the magnetic substates of 3'P more than do the
1p.1S couplings. The relative importance of close
encounters (large-angle scattering) for optically
forbidden vs optically allowed transitions is ex-
hibited by the slower decrease with @ in Figs.

5(b) and 5(d) relative to that in Figs. 5(a) and 5(c).

No measuremenis or other theoretical calcula-
tions are available, However, since excitation
from the 1S state was very well described (when
compared with experiment) by the multichannel
eikonal approach for 0s < 40° a range contribut-
ing effectively all of the integral cross section, the
data in Fig. 5 are presumed quite accurate for
small-angle scattering. Electron-exchange effects,
important for large-angle scattering,* have been

2 low)

bttt adlias
" e e R L
; K law)

FIG. 4. Test of detailed balance between the forward
and reverse rates of the 115-21S collisional excitation in
helium by electrons with wave number k; and kg in the
115 and 21S channels, respectively. ®: Previous o(1!S-
215) data (Ref. 4). x: Present ¢(2!5-115) data.




{ il bt Ll L A e

L3 4 1 el La g, als S

Aiade e ol Bt s i

g
N

. i

B

T e = .

VST

TABLE II. Polarization fractions of radiation of wavelength A (A) emitted from the collision-

ally excited states »’ to state » .

n'-n 2'P-nls 2%p_2% 3'p-anls 3%-23% 3'p-2'p 3°D-2%P
A (R) 20581(2)* 10830 5016(2) 3889 6678 5876
E (eV) 584(1) 537(1)

5 —0.037 0.040 0.706 0.302 0.262 0.175
10 —0.207 -0.020 0.391 0.123 0.138 0.104
20 —0.647 ~0.076 0.256 0.048 -0.021 0.025
50 —0.932 -0.171 —0.196 0.096 —0.248 ~0.052
100 —0.968 ~0.161 —0.478 0.116 —0.383 -0.072

2 value of lower-level n in parenthesis.

explicitly neglected, although some (small) allow-
ance does result by virtue of a multistate target
expansion. Also differential cross sections for
excitation of the m substates are available from
the authors. No measurements exist as yet, al-
though when various theoretical and experimental
data for the 1'S-2'B differential magnetic sublevel
cross sections were compared for electron-helium
scattering at 60 and 80 eV, Chutjian and Srivas-
tava'® concluded that the corresponding multichan-
nel eikonal treatment provided the best agreement
with their recent measurements.

Cross sections obtained for the corresponding
triplet-triplet transitions are smaller than and
demonstrate behavior similar to that in Fig. 5.
They are availablefrom the authors upon request.

B. Angular correlation parameters and
circular polarization fractions

In Figs. 6(a) and 6(b) are presented graphical
displays, as functions of 6 and E, of A, the rela-
tive contribution to the differential cross section
arising from 'P (m =0) scattering, and of x, the
phase difference between the 'P dipoles oscil-
lating (m =0) and rotating (m =+1) about the Z
axis. Forward (6~ 0) and large-angle (82 40°)
inelastic scattering is mainly in the m =0 channel,
with m =1 excitations being dominant at the inter-
mediate angiles. As E is decreased, this inter-
mediate angular range increases, and the range
for m =0 scattering in the forward direction also
increases, although not as rapidly.

The 2 'P phase difference yx in Fig. 5(b) is nega-
tive for all 0 and passes through -7 twice for all
E, and -7 twice only for the lowest E~ 5 eV, This
vehavior assumes significance in the fraction of
circularly polarized radiation emitted from the
21p states. Thus, provided the populations of the
m =0 and 1 sublevels are equal (i.e., A ~0.5),
then Il = —giny; fully circularly polarized light is
observed when x ® - im, and is absent when x~ -7
at two scattering angles 6. Figure 5(a), however

shows that the m =0 and m =11 substates are not
equally populated, ingeneral, exceptat specific 6,
and the combined effect of phase difference andde-
parture from equal populations is exhibited in
Fig. 6 which displays [l given by (17) as a function
of 6 and E. This figure shows that circularly
polarized light is observed when the electrons are
scattered through fairly large angles which de-
crease as E increases. Moreover, II passes
through zero twice, only for £=5 eV, as expected
from Fig. 5(b). Figure 7 also provides the angular
momentum (17) transferred at right angles to the
scattering plane, and hence the maxima, almost
reaching unity, correspond to the transfer of ~1
unit of angular momentum (%) to the atom which is
therefore left in the m =0 state.

Similar graphical displays of A, x, and Il have
been obtained for the remaining transitions (and
are available from the authors). No experimenta]
data exist. However, a corresponding ten-channel
treatment?® of the 1!S-2'P, 3 'P transitions in helium
by electron impact resulted in satisfactory agree-
ment with the recent A, x measurements of Emin-
yan et al®

Finally, the effect of the neglect of electron
exchange and of couplings with channels 7> 4 is
difficult to assess without resort to more detailed
and elaborate calculations. For transitions from
the 11S state, electron exchange is effective only
for the close encounters resulting in large-angle
scattering. These large angles, however, pro-
vide negligible contribution to the inelastic integral
cross sections,*!* which are determined solely by
scattering mainly in the forward direction (6< 20°)
at intermediate impact energies. Also, explicit
inclusion® of exchange within the the VPS approxi-
mation for e-He(2!*%S) collisions causes little
change for E2 10 eV. A better representation of
the direct scattering function is apparently more
important and is obtained by the present inclusion
of close couplings.

We note that a fully quantal close-coupling cal-




culation would in practice be prohibitively difficult performing fully quantal computations for L=0

in that an extremely large number of angular mo- = Ly, ~10 and 2 Born approximation for L> 10
mentum states L of relative motion are distorted simply will not suffice, since the present investi-
by the strong dipole interactions evident in the gation has shown that impact parameters p ~100
present study. Thus, the normal procedure of a.u. (=L/k;) are influenced appreciably by the

| SEehdsics | Wil niR AL L L
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FIG. 5. Differential cross sections (a§/sr) as a function of scattering angle 6 (deg) and impact energy E (eV) indicated
on each curve for (a) 2'P, M) 31!S, (c) 3!P, and (d) 3!D excitations, summed over final magnetic substates .
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FIG. 6. Variation of (a) A(21P) and (b) x(2'P) with electron-scattering angle 8 (deg) and with electron impact

energy E (eV) indicated on each curve.
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FIG. 7. Variation of the fraction Il of circularly polar-
ized radiation, emitted from He(2'P) and observed per-
pendicular to the scattering plane, with electron-zcatter-
ing angle @ and impact energy E (eV) indicated on each
curve.

various distortions. The advantage of the present
treatment is that the multichannel eikonal expres-
sion (18) ensures that convergence in partial-
wave contributions is always attained without un-
due difficulty, especially in the high-energy limit,
and that the long-range couplings have a mecha-
nism whereby they can affect distant encounters
(or large L) important to the processes investi-
gated here.

In conclusion, for e-He(2':%) inelastic colli-
sions at impact energies E < 100 eV, couplings
with the neighboring #=2 and 3 levels are impor-
tant, particularly those involving the 3':*D states,
the excitations of which dominate transitions to the
n=3 level at low E. The Born limit is approached
at energies (~100 eV for singlet-singlet transitions)
lower than those normally in evidence for excita-
tion from ground states. Detailed balance between
the forward and reverse rates of the 2'S=1'S
transitions is satisfied. The competition between
the relative populations A of the magnetic P sub-
states and the phases x of the corresponding ex-
citations is exhibited by the variation of II, the
fraction of circularly polarized radiation emitted
from these P states, with impact energy E and
scattering angle 6.
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Abstract. Cross sections for the 23S-nL(n = 2-5, L = S-F) excitations and for single
ionization in e-He(2':*S) collisions are determined by using the Born approximation.
For a given n, the 28-n’D transitions dominate at intermediate energies and this trend
is continued for transitions to the near continuum. For larger energies € of the ejected
electron, higher angular momentum | waves progressively dominate. While up to, nine
partial waves are in general required for convergence of the bound-free form factor,
as many as 30 are needed when momentum changes are in the vicinity of the Bethe
ridge for large €. Binary-encounter results for ionization are also obtained and agree ;
with the Born values at intermediate energies. The present calculations and the recent J

measurements of Dixon et al are in satisfactory accord at intermediate energies. The
contributions to ionization arising from multiple processes are also discussed.

1. Introduction ' 1

Relatively little is known about collisions between electrons and metastable rare- i
gas atoms which are of direct importance to gaseous discharges, astrophysical and
atmospheric plasmas, the development of excimer and monohalide rare-gas lasers
(cf Flannery et al 1975) and of ion engines (cf Martin 1974). Nor is much known
concerning the validity of the Born approximation for electron collisions with excited &
atoms containing a loosely bound electron. The recent ten-channel eikonal results &
of Flannery and McCann (1975) for 2!-38-n'3L(n = 2, 3; L = S, P, D) collisional exci- |
tations of helium approach the corresponding Born values (Flannery et al 1975)
at relatively modest impact energies E ~ 100eV, which are, however, very much
greater than the transition energy AE. Also, contrary to expectation, both the Born
and ten-channel eikonal treatments predict that transitions to the optically forbidden
313D and 3'3S states are much stronger, by up to 4n order of magnitude, than
the dipole-allowed 2'-3S-3"-3P collisional excitations, except of course at high energies
where the dipole transitions predominate.

In an effort to determine whether this behaviour is characteristic of transitions
to higher discrete and continuum states, and to obtain information on the correspond-
ing cross sections (as functions both of impact energy E and of the angular momentum
of the final target state) the following collisional excitation and ionization processes

e + He(2'*S)— ¢ + He(n'+*L) n=45 L=0to(n—1) (la)
—2¢ + He* (1b)
621
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will be studied in the Born approximation. The cross sections for ionization (1b)
can be compared with the recent measurements of Dixon et al (1976a) and with
results to be obtained from the binary-encounter approximation, which can be con-
sidered to be applicable since the averaged electronic separation in He is about
5ao (Pekeris 1962). It is worth noting that the Born (Prasad 1966) and classical:
(Abrines et al 1966) predictions for ionization of metastable hydrogen are in close
accord with the experimental data (Dixon et al 1975) over a wide range of electron
impact energies.

2. Theory
The cross section for ionization of a singly excited atom B with mass My and ioniz-

ation potmtnl I by an incident particle A with mass M,, speed v and relative energy
E is, in the (elastic) binary-encounter approximation, given by (d Vriens 1969

Flannery 1971) ‘
: dfr F‘ rp)dp el

g { where the distribution in speed u of the valence electron described by a spatial

3 ‘ wavefunction ¢,,,,(r) is, with all quantities in atomic units,

2 i
u? die 3)

1 : 1 —im,r
I | G [buntre ar

| and M, is the reduced mass of the (A—€) binary system.

For a specified energy transfer ey to the valence electron, the momentum change P
can vary between the lower limit,
[ P~ = max [Mw' — ul, Maslv' — 0] @
N
: MMy
1 =

| e "'( " M.) Mas = M, + My)

where m and M; are the electronic and ionic masses respectively, and the upper
limit,

P* = min [M( + u), M\s(v' + v)] ®)

where the post-binary-collision speeds of the projectile and target particles are respect-
ively,

v =" - 2/M)'? ©)

and :
v = (u? + 2e;/M)'12, - ' U
= : In the general expression (2), the function I'(P) which represents the departure of :
3 g the differential cross section for (A-e) elastic scattering from the Rutherford value,
is set to unity for direct (e~e) collisions for which M ~ M,z ~m.
The Born approximation to the cross section for single ionization of a two-clectron
atom by an incident electron is written, with all quantities in atomic units, as

E~I) ]

A= [ sy L [omic Rk, ®

R——




in terms of

chutc k) = 37 K‘*""" ».z o5y m1oL; r)> )

the differential cross section for ejection of the electron with momentum k, into
unit solid angle and unit energy interval. The limits to the momentum change (k;, — k,)
of the scattered electron are,

* = QB F[AE -1 - )" (10)

where the energy € of ejection is 4k? au and where the kinetic energy transferred
to the ion is neglected. While the parameter « in the € integration limit in (8) is
unity for ionization involving distinguishable particles, Rudge and Seaton (1965) have
shown that, for ionization of atomic hydrogen by electrons with random spin orien-
tations, « = (-5 when electron-exchange effects are fully neglected. This choice ensures
that the faster of the scattered and ejected electrons is always described by a plane
wave. For electron impact ionization of helium (when neither choice is rigorously
based), the spatial wavefunctions for the initial discrete and final continuum states
are

V'L r) = % (61 0Puim(r2) £ B1a(r2)bum(ry)] an

Vel k. 'Ly ) = %(%.(ﬂ)d’.(‘.; ) £ ¢1(r)de(k.;r))] (12)

in which the He*(1s) core is considered frozen. The one-electron orbitals ¢, are
chosen to form an orthonormal set such that the form factor in (9) is simply

el + e%r2ly) = (@elke; NIE™ |G rum())- (13)
The continuum orbital for the ejected electron is now expanded as

@® v

5
$lkin= 3 3 e Ful¥ra®Yiuik) (14)

=0m'=-7
in which the radial part has asymptotic behaviour

2\12 | 1
Fal) ~ (;,‘—.) sin (k.r - i@k - i+ m-)

e =arg (' + 1 — i/k) + 6p(k,) (15)
where the additional phaseshift J,. is a measure of the departure of the electron-
ion interaction from a pure Coulomb one. The amplitude 2'/4/x*/2€'/* of (15) is chosen
so as to fulfil the normalization condition

(Pulk;n) | Ak,;n)) = 8¢ — €)o(k, — k) (16)
where € = 3k is in atomic units. With € = k? in Rydberg units, then the amplitude
of (15) would be n~/2¢~1/* in order to satisfy (16).

Altcmauvely, the differential cross section per unit momentum interval (do/dk,)
is given by (9) with the asymptotic amplitude of F,. chosen as (2'/*/x'/*k,) thereby
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ensuring that
(Pethe; DIdeARe ;9> = 3k, — K,) : (7
rather than (16).
By writing the orbital for the bound (nlm) state as
Bum(®) = (1/7) Pur) YiulF) (18)
and with the aid of
k" = 4n jo % 5: i jir(K) Y (R) YyepelP) © 19)

where j;- denotes the spherical Bessel function, then, in terms of the anner Srsymbols
(cf Messiah 1966), the form factor (13) is

Febn(®) = @) T 5 i Ml u(K) Yynlho) V2ot R)

x (=1 [@+ DEE+ 1)@r + 1)]'72 (0 :; g) (l _:., :,) (20)

where the radial matrix element
M, = f i* M F 1) jAKP)Pu dr. @1)
1]

The partial cross section (9) therefore entails, in general, eight summations and a
double integration. However, when the modulus of (20) is squared, integrated over
k, (assumed to be uncorrelated with R), and summed over m and m', then it follows
that

1 : bt E\boLi
@+ _.Z_‘ J‘ |F i, mm(K)I? dk, "'; @+1nE@r+) (0 0 0) IME (K (22)

for a given momentum d:ange K. For initial s states, then, from (8) and (9)

o =33 j' ): @F + 1) M KO 5

is the differential cross secnon per unit ejected-energy interval. The integral Born
cross.section for excitation of the discrete level (n'l’) is also given by each I’ term of
(23) but with F,,. in (21) replaced by the bound-state function P,,. For excitation,
additional allowance will be made for core relaxation.

@3)

3. Method

In the present study, the electronic discrete and continuum wavefunctions Y(r,, r,)
for helium are antisymmetrized products of one-electron orbitals ¢.{r) forming an
orthonormal set obtained from a central-field approximation. The corresponding
radial functions P, and F, are therefore the appropriate solutions of the radial
Schrédinger equation

N+ 1) € <0
Crea(e-vo-Uip-0 g fu  ow

|
1
|
|
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q
|
a
4
|
|
|
|




g

e T RN

which are normalized to unity for E <0 and per unit energy interval for E > 0
as implied by (16). The spherical interaction ¥(r) which tends to (—2/r) and (—1/r)
as r— 0 and o, respectively, is determined from the Hartree-Slater approximation,
i.e. the Hartree method modified by Slater (1951) to take some accoun: of- electron
exchange. This approximation for V as determined by Herman and Skillman (1963)
for ground-state atoms alone has been extensively used with encouraging results (cf
Fano and Cooper 1968, Dehmer et al 1975, Manson and Purcell 1976 and references
therein). In this paper, some variations to the standard treatment are explored by
adopting the following choices for V.

Case (A). A self-consistent field (sc¥) iteration for the ground-state configuration
(1s)* provides ¥, which is used to generate Py and F, which are automatically
orthogonal. This ¥, is the standard selection tabulated by Herman and Skillman
(1963).

Case (B). An scr iteration for the initial-state (1s)(2s) configuration yields V, which,
when inserted in (24), provides orthonormal P,, and F, for n = 1-5, | = 0(n — 1),
I' = 0-30 and for a wide range (0-110¢eV) of energies € for the ejected electron.

Case (C). scF iterations for the three configurations (1s)(2s), (1s)(2p) and (ls)(3d)
yield three potentials V(™ (L= 0, 1, 2) which are used to generate PO, 3.4, PV
and PY)_, respectively for the (nl) states of the n = 1-5 levels. The form-factor m
(9) for bound-bound transitions is, for the L= 1 and 2 cases, given by

2

3 e ORI £ HRIODIR) @9
i=1
where the ¢{% which respectively result from V{9, L= 1 and 2, are in general different
from ¢% and are not orthogonal to both ¢{? and ¢%? because some corc relaxation
has been provided for those less penetrating orbitals with non-zero angular momen-
tum. The f and g orbitals are generated in V{? for simplicity since it is found that
little improvement is gained by further modification.

Case (D). scF iterations for the (1s)(nl) configuration of the final bound state
Y(n'3L) provide V{Y which are used to generate P, for the lower bound states.

Case (E). scF independent iterations for the initial and final configurations, (1s)(2s)
and (1s)(n)) respectively, yield independent ScF solutions ¥,(2*-*S) and y¢(n':L) with
orthogonality satisfied by restricting the final bound states to L+ S.

In the above five procedures, explicit dependence on electron spin appears only
in the symmetry of the total spatial wavefunctions (11) and (12) and not in the
interaction potential (which includes equal allowance for spin in the singlet and triplet
cases). Spin effects are also acknowledged by the use of the corresponding experimen-
tal values of the excitation and ionization energies in the momentum-change limits
(10) for the cross section (9).

All of the above possibilities were fully investigated via appropriate modifications
to the standard Herman-Skillman program. By comparison of the resulting excitation
energies (in cases (4), (B) and (D)), form factors and Born electron impact cross
sections for the 2'-3S-2!3Pp, 3!-3§, 3!3p, 3!3D and 4'-P transitions with those pre-
viously determined (Kim and Inokuti 1969, Flannery et al 1975) from highly accurate
correlated functions (Weiss 1967), we have concluded that for the triplet transitions,
method (B) achieves very good agreement (with cross sections to within 2-5% over
a wide energy range) which is improved somewhat by modification (C). For singlet
transitions, method (A4) yields the closest, but yet rather poor, agreement (with cross

Fi(K) = <¢’r("l'3L)




sections to only within 40%). The reasons for this dissimilarity in agreement are
two-fold and are rather instructive. 3

The (B), (C) combination provides an adequate account of core relaxation while
ensuring that all of the excited S, 3P and 3D states are orthogonal to all lower
states of the same symmetry. The same degree of orthogonality between the singlet
states, especially that between the 2'S and the 1'S singlet ground state, is obtained
via method (4) which, however, fails to account satisfactorily for core relaxation
of the excited states and which fails to satisfy the Sharma—Coulson (1962) requirement
that variational calculations of the (1s) and (ns) orbitals of helium should not be
orthogonal for excited 'S states. Moreover, while the exchange interaction is attrac-
tive for the triplet states and repulsive for the excited singlet states (as predicted
from perturbation theory which gives zero exchange effect for 1'S), the Slater prescrip-
tion assigns an exchange correction which is always negative (even for the 1'S state)
and which is therefore very biased towards the triplets.

The above considerations help explain the difference in quality of the present
agreement obtained for the singlet and triplet cases. Also, the above (B), (C) combina-
tion is an extremely useful (and fast) method for obtaining accurate orthogonal wave-
functions for all the triplet (excited) states of helium.

4. Results and discussion
4.1. Excitation

In table 1 are displayed the excitation energies (from method (B)) and cross sections
for the processes

e + He(2’S)— e + He(n’L) n=25 L=8§G (26)

at impact energies E in the range SeV < E < 1000eV. These cross sections agree
with the available highly accurate cross sections (Kim and Inokuti 1969, Flannery
et al 1975) to within 2:5% over the entire energy range, except for the 23S-3°P
transition for which the largest departure is 8:5%. The more accurate results, where
available, are presented in table 1 for reference. The cross sections for the remaining
transitions from the metastable level to the n = 4 and 5 levels are presumably even
more accurate since the central-field approximation improves as the valence electron
becomes more loosely bound and much less correlated with the core electron, as
exhibited in table 1 by the closeness between the experimental and derived excitation
energies. Table 1 also shows that the optically forbidden transitions to the D states
of the (3-5) levels dominate all other transitions, except at the highest energies when
the S-P dipole excitations gain in relative importance, in accord with Bethe's approxi-
mation. This behaviour is even true for transitions to the ionization threshold and
is preserved in more elaborate treatments of excitation (Flannery et al 1975, Flannery
and McCann 1975). The data in table 1 are useful and directly relevant to current
modelling of excimer and monohalide rare-gas lasers.

4.2. Ionization

In figure 1 are displayed present cross sections determined from the binary-encounter
formulae (2)—(7) for the ionization process

e + He(2'S)— 2e + He*(1s) 27)
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; _ Figure 1. Comparison of precent binary-encounter treatments of the cross sections for
: | outer-shell ionization of He(2!-*S) with different orbital-velocity distributions, as deter-
s ‘ t mined from methods (A4) and (B) in text (curves A, B), and from Hartree—Fock functions
4 | (C) of Cohen and McEachran (1967a,b). Curves V are results of Vriens (1964) using
I ‘ the exponential distribution of Gryzinski (1965). The associated numerals 1 and 3 refer
‘ to 2'S and 23S targets respectively. The ciicles (open and full) are measurements of
Dixon et al (1976a) for the sum of all electron impact processes leading to single (but*
not double) ionization of a predominantly He(23S) target. ‘

{ “in which the ion is left in the ground state. The frozen-core 2!*S Hartree-Fock
1 functions of Cohen and McEachran (1967a, b) and the 2*:>S Hartree—Slater functions
' obtained from both methods (4) and (B) above are used in (3) to generate the velocity
I distributions f,,(u) for the valence electron. The cross sections associated with the
rather accurate Hartree—Fock functions are in excellent agreement, especially at low
energies, with the cross sections derived from method (B) for 23S ionization, and
in good agreement with those derived from method (4) for 2'S ionization, respect-
ively. This closeness provides an additional check on the quality of our present 23S
; wavefunction, and indicates that the present 2'S Hartree-Slater function is quite
, g adequate for bound-free transitions, the form factor (13) for which tends to be con-
] ! trolled by interelectronic distances r,, larger than those important for bound-bound
| ! transitions. Also shown for completeness are the previous binary-encounter results
[ t of Vriens (1964) based on an exponential velocity distribution (Gryzinski 1965) which
is, however, completely at variance (cf Burgess and Percival 1968) with any quantal ]
distribution, The recent experimental data of Dixon et al (1976a) for ionization of 4
a predominantly 23S target are also displayed; the earlier measurements of Fite and
Brackman (1963), Long and Geballe (1970) and modifications thereof have already
been discussed extensively by Dixon et al (1976a).

In order to achieve convergence of the differential and integral cross sections
(23) and (8) for ionization over the impact energy range E, it is necessatry to compute
the Born matrix element M, ,(K) for a wide range of energy € and angular momen-
tum /' of the ejected electron and also of the momentum change K of the scattered
electron. This necessitates the calculation of 9-30 partial I' waves for each set of
(e, K) values appropriate to impact energies E up to 100eV. This determination,




together with the triple (7, K, €) integration in (21), (23) and (8) and the /' summation,
requires extremely lengthy computation which can be reduced by the use, where
possible, of various semi-analytical methods particularly for low values of I'. The
resulting cross sections obtained from two different computer programs are in close
accord, thereby providing a test of the numerical accuracy.

In addition, we have verified that the relationship

lim (n — 6 Fu(K) = S50 28)
involving the bound-bound and bound-free form factors F,, and F,, respectively,
and the asymptotic quantum defects §, is satisfied on crossing the ionization threshold.

In figure 2 are presented the Born (full range) and the ‘modified’ Born (half range)
cross sections, (8) with @ = 1 and 4 respectively, for the ionization processes (27)
at collision energies E up to 100 and 200 eV respectively. Although the former choice
is correct for ionization involving distinguishable particles and the latter is used
for electron impact ionization of H with exchange effects fully excluded, neither choice
is rigorously based for helium and the correct « would demand a detailed account
of exchange effects.

In the present case, the full-range results F are in closer accord than the half-range
results H with the experimental data for ionization of the predominantly 23S target
at low and intermediate impact energies E. Calculations (Ton-That and Flannery
1977a) for bigger targets (Ne*, Ar*) show an evolution from this trend, favouring
the half-range results rather than the full-range ones. While convergence between
F and H is obtained at the higher E, as expected, the measurements are up
to 30% higher. This discrepancy which may be due to the theoretical neglect of
additional processes will be studied in further detail below by means of a Bethe
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Figure 2. Comparison of present Born cross sections for outer-shell ionization of He(2'S)
by electron impact; curves F and H are for respective integrations over the full range
and the lower-half range of energy of the ejected electron. The associated nunverals 1
and 3 refer to 2'S and 23S targets respectively. The circles are measurements as in figure 1.
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plot. The half-range cross sections for ionization of the triplet states agree to within
a few per cent with the corresponding Born calculations (not shown) of G Peach
(1976 private communication) who used a Clementi-type fit for the initial state and,
for continuum waves, hydrogenic functions, except the s, p and d partial waves.

Figure 3 provides a comparison of the measured cross sections with the present
Born full-range values to 100eV and with the binary-encounter results to 1000 eV.
Also shown is an additional binary-encounter contribution which arises from direct
ejection of the inner-shell electron such that the product ion is left as He*(2s). This
mechanism does not fully account for the discrepancy with the observations at colli-
sion energies E > 200eV. :

This difference is further amplified in figure 4 where Bethe plots, i.e. d{E) x E
plotted against Ig E, of the various results are displayed. (The inclusion of dipole-
allowed transitions yields an E~'1g E dependence for the ionization cross section
o(E) at large impact energies E, thereby resulting in a straight-line Bethe plot at
high E.) The lower set of experimental data includes a correction made to the higher
original set for charge-exchange reactions between metastable He and residual mol-
ecular ions in the experimental collision region (see Dixon et al 1976a). The remaining
difference between the theoretical Born curve corresponding to a ground-state He *(1s)
product ion and the measurements cannot be attributed to the 2!S/23S admixture
in the target gas since the difference between the cross sections for singlet and triplet
ionization decreases as E increases (see figure 3).

Other processes, neglected theoretically, which enter as E increases are (a) inner-
shell ionization, (b) autoionization over certain small discrete regions of E, (c) double
ionization (which is also not included in the measurements) and (d) ionization of
one electron with simultaneous excitation of the other electron. Of all the above
processes, (a) is expected to be the largest contributor over a wide energy range
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Figure 3. Cross sections for electron impact ionization of He(2!’S). Curves F and C

are the full-range Born and binary-encounter treatments respectively. Numerals 1 and
3 refer to 2'S and 2°S targets respectively. CI3 denotes the present binary-encounter
treatment of inner-shell ionization of He(2%S) and the C3 full curve includes this contribu-
tion. The circles are measurements as in figure 1.
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3 i Figare 4. Bethe plot (cross section multiplied by collision energy E plotted against IgE)
: | for electron impact ionization of He(2°S). Full curves F3 and H3 are full-range and
: half-range Born results for outer-shell ionization alone, F1 and H1 are the corresponding
results for inner-shell ionization, included by the F3 and H3 broken curves. BE, BA
and BAE represent cross sections of Briggs and Kim (1971) determined from closure
in the Bethe approximation BE, the Born asymptotic with and without exchange BAE
and BA respectively. The triangles and circles denote measurements of Dixon et al (1976a)
for the sum of all electron impact processes leading to single (but not double) ionization
of a predominantly He(23S) target.
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energy-range processes are multiple processes. The contribution of (a), bere deter- "
mined by the Born approximation, is shown in figure 4 to be in good agreement
with the corresponding binary-encounter results of figure 3 and is smaller than outer-
‘, shell ionization by one order of magnitude. A simple treatment of the multiple pro-
; cesses adopts the sudden approximation wherein the additional excitation or ioniz-
’ ation involved is described by a transition probability factor P(if) which is the overlap
squared of selected initial and relaxed final (bound or continuum) orbitals. Thus,
for example, when exchange is ignored in the target wavefunction, the cross sections
for the multiple processes (¢) and (d) are P(1s,c)Q(2s,c) and either P(1s,n)Q(2s,c) or
P(2s,nl)Q(1s,c), respectively, in terms of the cross section Q(nlc) for ionization of the
(nl) orbital by a single process. Byron and Joachain (1966) used correlated atomic
wavefunctions in a Born treatment of the ionization of ground-state helium and found
that the contribution (pi) arising from double ionization is less than that for single
ionization (s1) by about two orders of magnitude, in keeping with a sudden-collision
model (Mittleman 1966) and with experiment (Schram et al 1965, Briglia and Rapp
1966). Calculations (Gillespie 1972 and references therein) based on the sudden
approximation for He(1'S) show that simultaneous ionization and excitation (SICE
see below) are lower than si by about three orders of magnitude (or at best by
] = two orders, cf Dixon et al 1976b). Although excited states of helium have lower
4 i thresholds for multiple processes than the ground state, the correlation between the
core and valence electrons, which is important in multiple processes if the energy

l since it can be regarded as a single scattering process, while the remaining wide-
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transfer is not too large, is much less (the atomic electrons have separations of about
Sa, and binding energies of approximately 46 eV and 5 eV respectively). While some
doubt has been cast on the usefulness of the sudden approximation for multiple
processes (Kaminsky and Popova 1976, see also Dixon et al 1976b), recent measure-
ments (Schmidt et al 1976), however, do not suggest that a revision of the experimental
results for double ionization of helium in its ground state is necessary.

The above arguments are, however, difficult to reconcile with the findings of Briggs
and Kim (1971) who obtained various Born asymptotic limits for single and double
ionization of the triplet states by subtracting the sum of the Born asymptotes for
the discrete excitations from the asymptotes of the total inelastic cross section
obtained from closure sum rules. The resulting Bethe (4 In E) term and the asymptotic
Born (half-range) term, AIn E + y + ..., with and without the Mott correction for
exchange, are reproduced in figure 4. The difference between the curves H3 and
BA should arise from the effects of inner-shell ionization (is1) and, to a lesser extent,
of double ionization (D1) and single ionization with core excitation (SICE). Results
from our present Born treatment of 1st are shown explicitly and, when added to
the si results H3 and F?3, yield the broken curves in figure 4. The remaining difference,
if all is well, must arise from (unacceptably large) contributions from DI and SICE.
The asymptotic procedure has been estimated by Briggs and Kim (1971) to be reliable
only for collision energies E > 400 eV such that the correct plots for smaller energies
may deviate from those shown. We note, however, that the difference between BA
and H3 can mainly be resolved by assigning some value to the second parameter
y smaller than that given by Briggs and Kim (1971). This parameter is difficult tq

evaluate correctly and involves a sum of integrals of the generalized and optical

oscillator strengths (Inokuti et al 1967).

In summary, figure 4 depicts (@) full Born calculations of both s1 and isi, the
st results agreeing rather closely with similar calculations of G Peach (1976 private
communication), (b) Born asymptotes of Briggs and Kim (1971) including all contribu-
tions (S, 18I, DI, SICE) to ionization and (c) measurements of the combined si, Ist
and SICE contributions. Accord between (a) and (c) is introduced at high energies
E only if the yield from the (neglected) multiple SICE process is roughly three times
that from the single isi process. Also the apparent agreement between (b) and (c)
at large E suggests that DI is negligible in comparison to SICE, an unlikely event.
The resolution of the discrepancies between (a), (b) and (c) can only be obtained
if the various contributions to ionization are arranged in order of importance as
SI, SICE, ISI and DI, an order at variance with that naturally assumed.

The theoretical cross sections obtained from the Born and the binary-encounter
approximations for ionization of the 2'-3S states are presented in table 2. The full-
range and the half-range Born results mutually converge with increasing impact
energy E, as expected. In the intermediate energy range 1 < E(au) < 8, the binary-
encounter values, when compared with the full-range Born results, display fair agree-
ment which originates from the overall agreement in magnitude and shape between
the quantum-mechanical and the binary-encounter results for the form factor (20)
squared (FFs), or for the associated generalized oscillator strength (Gos) away from
the optical K — 0 limit. The increasing discrepancy in the Gos for small momentum
changes K = er/v associated with larger impact energies E yields an E~! asymptotic
limit for the binary-encounter cross sections rather than the correct E~'In E limit
obtained when proper account is taken of the dipole transitions for such low momen-
tum changes.
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Cross sections for excitation and ionization in e-He(2'~S) collisions 633

Table 2. Born (full-range (BF) and half-range (BH)) and binary-encounter (BE) cross sec-
tions (10~ '€ cm?) for the ionization of He(2'S) by electrons with energy E(au).

2’8 2's

E(au) BF BH BE BF BH BE

025 435 304 559 807 569 10-51
050 716 570 781 905 7-36 10-38
075 615 533 649 7-39 647 845
1-00 525 465 548 622 559 702
15 403 367 416 475 435 516
20 318 3-00 335 372 354 405
25 2:66 2:55 — 311 299 —

3 229 2:26 2:39 2-68 2:65 2:81
4 1-80 176 1-87 2-10 2:06 2-15
5 - 1-46 1-53 — 1N 1-74
6 — 125 129 —_ 1-46 1-46
7 — 1-11 — S 129 K

8 —_ 098 099 —_ 1-14 1-11

4.3. The rate of convergence of the partial-wave expansion

For most values of € and K, the number of the [ partial wavest required for conver-
gence of Frs with respect to [ is relatively small, nine or less in the present case.
However, for large €, the required number increases sharply near the Bethe ridge
defined by

K%l = 2£'|- = 2(! + E) (29)

where up to 30 partial waves are required. This is interpreted as follows. The region
where the initial bound state orbital Pi(r) is substantial defines for our purposes
the maximal region of overlap. The continuum orbital F,.(r) and the spherical Bessel
function ji{Kr) (cf equation (21)) initially increase in amplitude from the origin as
(/2¢ry'*! and (Krf~ respectively. These sharp dependences on I’ and I” can be
regarded as centrifugal-barrier effects. F,{r) and j{(Kr) then evolve into oscillating
functions. An increase in | (i.e. I’ and 1”) results in a shift of the pattern of these
functions out of the overlap region together with a stretching of their first lobe.

When e is large enough, the continuum orbital F,; oscillates many times within
the overlap region. If either K? « 2er or K? > 2er, then, due to the varying relative
phase of j- and F,;., the contribution from their oscillatory regions is small and
the effective region of overlap is therefore reduced to the inner lobes of j,- or F,.
As 1 increases, the slower oscillating of the two functions shifts out of this reduced
region of overlap more quickly than this region can widen such that fast convergence
with [ is obtained. .

When K? ~ K3z = 2, the resonance which can occur between F,. and j- in
the oscillatory region implies that this region can contribute substantially to (21)
and yields a peak with respect to K and ey, the so-called Bethe ridge (Inokuti
1971). The effective region of overlap is now the maximal overlap region. Moreover,
the greater € is, the larger is the number of initial low-I oscillations of F,,. in the

1 Hereafter [ is used to denote either I’ or I” interchangeably.
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